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This study aimed to analyze the kinetic parameters of two monomers using attenuated total reflectance Fourier transform
infrared (ATR-FTIR): 2,2-bis-[4-(2-hydroxy-3-methacryloxypropyl-1-oxy)-phenyl] propane (Bis-GMA) and triethylene glycol
dimethacrylate (TEGDMA). The following were calculated to evaluate the kinetic parameters: maximum conversion rate (Rpmax),
time at the maximum polymerization rate (𝑡max), conversion at Rpmax, and total conversion recorded at the maximum conversion
point after 300 s. Camphorquinone (CQ) and phenyl propanedione (PPD) were used in this study as photoinitiators, whereas N,N-
dimethyl-p-toluidine (DMPT) amine was used as a coinitiator. LED apparatus and halogen lamp were used in turn to evaluate the
effect that light source had on the monomer kinetics. The mass concentration ratio for the three resin preparations was 0.7 : 0.3 for
Bis-GMA and TEGDMA: R1 (CQ + DMPT), R2 (PPD + DMPT), and R3 (PPD + CQ + DMPT). The PPD association with the
CQ photoinitiator altered the polymerization kinetics compared to a resin containing only the CQ photoinitiator.The light sources
exhibited no significant differences for 𝑡max of R1 and R3. Resins containing only the PPD initiator exhibited a higher 𝑡max than those
containing only CQ. However, the Rpmax decreased for resins containing the PPD photoinitiator.

1. Introduction

The emergence of composite resins with optimal adhesion to
enamel and dentin walls greatly changed dental restoration
because repairs could be performed without causing wear to
a healthy tooth. For over fifty years, resinous materials have
been intensively used in odontological clinics, although such
materials have changed often to improve their physicome-
chanical, biological, and esthetic properties [1].

Higher degrees of conversion (DC) provide restoration
materials with better mechanical properties, such as wear,
compressive, shear, and flexural strength and hardness [2–
6]. However, a high DC internally generates contraction
stresses in the material that are partially transmitted to the
tooth-restoration adhesive interface. This compromises the
marginal integrity and forms gaps that may allow microin-
filtration of the restoration and postoperative sensitivity [7,
8]. However, insufficient polymerization of the composite
resin interferes with not only the mechanical properties of

the material but also its biological properties, preferentially
liberating components not bonded to the polymer network
and possibly causing allergic reactions and both cytotoxic and
genotoxic effects. Additionally, these residual monomersmay
reach the dental pulp via dentinal tubules [9–12]. Thus, bet-
ter material polymerizations improve their biocompatibility,
which is associated with the nature and quantity of released
components [13].

The monomer DC for resins is influenced by the
monomer composition, photoinitiators, energy density, and
wavelength for the photoactivation technique used to initiate
the polymerization process [14–16]. Currently, the most used
photoinitiator for odontological resinous materials is cam-
phorquinone (CQ), although it has some disadvantages, such
as its intense yellow color, which affects the incorporation of
the brightly colored resins that are widely used in whitened
teeth. Additionally, it exhibits a low polymerization efficiency
[17]. Other photoinitiators, such as phenyl propanedione
(PPD), which is less dependent on tertiary amines to generate
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free radicals, are being tested to bypass such problems. In
addition to its bright yellow color, PPD is a liquid at room
temperature, which aids in incorporating higher quantities
into composite resins [17–20].

Studies are being conducted to evaluate the association
of CQ with PPD in the same resin [18, 20] because the
contraction stresses in the resin may reduce by decreasing
the maximum polymerization rate (Rpmax) without changing
the DC [20–22]. Such brighter photoinitiators absorb light
closer to the ultraviolet region than CQ [19].This wavelength
is covered perfectly by a halogen lamp, although it is not
completely provided bymost LED equipment because of their
narrow emission spectrum of 470 ± 20 nm. This difference
causes resins containing these photoinitiators to polymer-
ize poorly when using such equipment, which potentially
yields a low DC and inferior mechanical properties [19,
23]. However, associating the two photoinitiators (CQ and
PPD) yields a maximum absorption peak at approximately
452 nm [20], which is perfect for activation by equipment
within the blue band of the electromagnetic spectrum.
Furthermore, LEDs are increasingly used in odontological
clinics, with a tendency to completely substitute traditional
halogen lamp photoactivation equipment due to the advan-
tage of such equipment. Therefore, the effectiveness of such
equipment for resins using PPD photoinitiators must be
studied.

Studies evaluating the polymerization kinetics of com-
posite resins containing other photoinitiators such as PPD are
still required, and little is known about residual monomers
that can be liberated from such composite resins. Real-time
Fourier transform infrared (RT-FTIR) spectroscopy is a non-
destructive technique widely used in recent years to follow
reaction kinetics of such photoactivated composite resins
[24]. This technique has been used in studies to evaluate the
monomer DC and composite resin polymerization kinetics
[25–29].

This study aimed to evaluate the DC and polymerization
kinetic parameters for experimental resins using different
photoinitiators to evaluate the kinetic parameters for residual
monomers 2,2-bis-[4-(2-hydroxy-3-methacryloxypropyl-1-ox-
y)-phenyl] propane (Bis-GMA) and triethylene glycol
dimethacrylate (TEGDMA) in experimental resins contain-
ing different photoinitiators. The photoactivator equipment
performance on the experimental resins will also be tested,
as will the hypothesis that experimental resin performance
will be higher or equal using two photoinitiators (CQ + PPD)
than just CQ, as based on the DC results. Additionally, the
hypothesis that experimental resins with two photoinitiators
(CQ + PPD) exhibit a reduced maximum polymerization
rate (Rpmax) relative to ones containing only CQ will be
tested. The hypothesis that the LED apparatus will perform
similarly to the halogen lamp for experimental resins with
both photoinitiators (CQ + PPD) will also be examined.

2. Materials and Methods

The dimethacrylate monomers 2,2-bis-[4-(2-hydroxy-3-met
hacryloxypropyl-1-oxy)-phenyl] propane (Bis-GMA/Aldrich,
batch 06627BH) and triethylene glycol dimethacrylate

(TEGDMA/Aldrich, batch 07709KE437) were used to
manipulate the experimental resins. The substances used
to photoinitiate the organic matrix were N,N-dimethyl-
p-toluidine amine (DMTP; Fluka, batch 32107361) as
the coinitiator and camphorquinone (CQ; dl-2,3-diketo-
1,7,7-trimethyl norcamphane, Fluka, batch 1293239) and
phenyl propanedione (PPD; Aldrich, batch photoinitiators
S34870-116) as the photoinitiators.

Three experimental resins were prepared by combining
Bis-GMA and TEDGMA monomers with a mass concentra-
tion ratio of 0.7 : 0.3 and by incorporating the photoinitiation
systems (see below). The photoinitiator to coinitiator weight
ratio was held constant (1 : 1) for all resins. Resin R1 refers to a
mixture of CQ (0.2% inweight) withDMPT (0.2% inweight),
R2 is a mixture of PPD (0.2% in weight) with DMPT (0.2% in
weight), and R3 is a mixture of PPD (0.1% in weight) + CQ
(0.1% in weight) with DMPT (0.2% in weight).

The following photoactivation apparatuses were used:
(a) a Demetron LC/SDS Halogen lamp Kerr (sn- 67009594,
USA) and (b) an LED Poly 600/Kavo (sn- 2008100188,
Brazil).These photoactivation pieces of equipment were used
with a 600mWcm−2 power density for 40 seconds on each
specimen. The two equipment pointers were cylindrical and
10mm in diameter, whereas the energy dosage for both was
24 J cm−2.The light intensity or power density for the appara-
tuses was measured and standardized using a potentiometer
(Fieldmaster/Coherent).

The DC and polymerization kinetics for the experi-
mental resins were determined using a Fourier transform
infrared spectrophotometer (NEXUS 670 FT-IR/Nicolet, ns-
AEQ0000517). This equipment contains an attenuated total
reflectance (ATR) unit corresponding to a platform coupled
to the spectrophotometer with a set of mirrors that directs
light into the Zinc Selenide (ZnSe) crystal, which is located
on the platform surface and works as an active substrate for
the infrared irradiation.

A Teflon matrix was placed on the crystal surface, the
experimental resins were inserted into the matrix orifice
(5mm in diameter by 1mm deep), and a polyester strip was
placed over the resin at the top of the matrix with close
contact to the photoactivation source. The infrared spectra
for these samples were collected in the kinetics mode at three
scans per second for 305 seconds with a 2 cm−1 resolution
from 1680 to 1550 cm−1.The first five scans collected provided
the absorption spectrum for the nonpolymerized resin; by
the sixth scan, the photoactivator had been activated for only
40 seconds, and the spectrum had been collected for 300
seconds after the initial light activation. Five repetitions were
performed for each experimental condition, and all analyses
were conducted at a controlled temperature (23 ± 1∘C) and
humidity (60 ± 5%).

The percent nonconverted double carbon bonds (%C=C)
were determined using the absorbance peak intensities for the
C=C bonds at 1637 cm−1 (peak corresponding to the aliphatic
chains) and C=C bonds at 1610 cm−1 (peak corresponding
to the aromatic chains) before and after the polymerization
(referring to (1)) [5, 6, 27, 28]. The corresponding DC was
calculated by subtracting this rate from 100%:



Journal of Spectroscopy 3

Nonpolymerized

C=C aliphatic

C=C aromatic

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

Ab
so

rb
an

ce

1600 1620 1640 16601580
Wavenumber (cm−1)

10 s

300 s

(a)

0

10

20

30

40

50

60

70

C
on

ve
rs

io
n 

de
gr

ee
 (%

)

R1/LED R1/HAL

R3/HALR3/LED
R2/HALR2/LED

50 100 150 200 250 3000
Time (s)

(b)

Figure 1: (a) Real-time FT-IR spectrum of the carbon double bond conversion for the peak corresponding to the aliphatic chains. (b) Graph
with the real-time DC for resins using LED and halogen lamp photoactivation.

(%C=C)

=

Abs (1.637 cm−1) /Abs (1.610 cm−1) polymer
Abs (1.637 cm−1) /Abs (1.610 cm−1)monomer

(1)

DC = 100% − (%C=C) . (2)

The calculated polymerization kinetic parameters were
the maximum conversion rate (Rpmax), the time when the
Rpmax (𝑡max) occurred, the conversion at this time, and the
total conversion registered at themaximumconversion point,
that is, after 300 s. The conversion rate (Rp) was calculated
from the first derivative of the real-time conversion profiles;
therefore, the highest polymerization rate could be calculated
at an interval of 1 second (Rpmax). The other parameters
were calculated from the real-time conversion values and
conversion rate. The Kolmogorov-Smirnov test was used to
verify that these data were normally distributed [30]. None of
the groups deviated significantly from normality (𝑝 > 0.05);
hence, parametric tests were used for the statistical analyses.
Analysis of variance (ANOVA) with two criteria and Tukey’s
post hoc test were used to compare the resins (R1, R2, and
R3) and photoactivation sources (halogen lamp and LED). A
significance level of 5% (𝑝 < 0.05) was adopted for all tests.
All of the statistical procedures were executed using Statistica
version 5.1 (StatSoft Inc., Tulsa, USA).

3. Results and Discussion

The FT-IR spectra for the monomer conversion degree in
the resins based on the photoactivation time are shown
in Figure 1(a). The carbon double bond peak conversion
to the corresponding aliphatic chains began with the resin
photoactivation, especially during the first few seconds, and

was observed in real-time to 300 seconds as can be seen
in Figure 1(b). Furthermore, Figure 2 shows the monomer
conversion degree for the three resins (R1, R2, and R3)
photoactivated by the 2 different light sources (LED and
halogen lamp) after 300 seconds. A statistical analysis was
performed to verify the significance of the numeric differ-
ences between these groups. A parametric statistical test was
selected, ANOVA with two criteria, for the two variables (the
resin and light source). Tukey’s post hoc test at a significance
level of 5% (𝑝 < 0.05) was also used formultiple comparisons
and iterations

The statistical results (referring to Table S1 in Sup-
plementary Material available online at http://dx.doi.org/10
.1155/2016/6524901) indicated that all of the resins were
significantly different and that only resin R2 exhibited a
significant difference between the light sources, whereas
the other resins were not significantly different. The lowest
average conversion degree occurred when resin R2 was
photoactivated by the LED (35.64% ± 1.73), and the highest
conversion occurred for resin R1 photoactivated by both the
LED (65.90% ±1.81) and the halogen lamp (64.40%± 0.83).

The real-time analysis of the resin conversion using
ATR-FTIR for the three resins photoactivated by the two
light sources indicated that most of the reaction occurred
during the first few seconds starting once the photoactivation
equipment was activated (see Figure 1(b)). The reaction
occurred especially rapidly during the first 60 seconds, and
no significant alterations occurred after this period. The
maximum conversion rates (Rpmax) are shown in Figure 3.
Because of variations in the values, a statistical analysis of
the Rpmax results was performed and indicated that all of
the resins were significantly different, with no difference
between the light sources for the same resin (referring to
Table S2). The highest average Rpmax was detected for resin
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Figure 2: Graph of the mean and standard deviation for the DC (%)
after 300 seconds for the three resins (R1, R2, andR3) photoactivated
by two light sources (LED and halogen lamp).
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Figure 3: Graph of the mean and standard deviation for Rpmax for
the three resins (R1, R2, and R3) photoactivated by two light sources
(LED and halogen lamp).

R1 (3.13 ± 0.31%s−1) photoactivated by the halogen lamp,
and the lowest average value was from resin R2 (1.26 ±
0.30%s−1) photoactivated by the LED. The lowest Rpmax

values were given by resins (R2 and R3) containing the
PPD photoinitiator in their composition versus the resin
containing only CQ (R1).

The 𝑡max values are shown in Figure 4.Themaximumcon-
version rate varied from 4 to 10 seconds.The two light sources
exhibited no significant influence on the 𝑡max values for resins
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Figure 4: Graph of the mean and standard deviation for the 𝑡max for
the three resins (R1, R2, and R3) photoactivated by two light sources
(LED and halogen lamp).

R1 and R3 (referring to Tables S3 and S4). However, when
photoactivated by the LED, resin R2 differed significantly
relative to all other groups, with the highest average 𝑡max
(9.40 ± 0.55 s). The resins containing PPD yielded 𝑡max values
above those containing only CQ. The conversion degree at
the maximum conversion rate (𝑡max) ranged from 8.75% for
resin R2 photoactivated by the LED to 17.04% for resin R1
photoactivated by the halogen lamp.

This study demonstrated that associating PPD with CQ
altered the polymerization reaction kinetics for resins relative
to only using CQ. The resin DC is normally 45 to 75%, and
the polymerization reaction is never complete, which leaves
unconverted monomers [4, 31, 32]. However, the minimum
DC for clinical resin applications are notwell established.This
incomplete polymerization reaction occurs because the Bis-
GMA monomer contains aromatic groups in the center of
its chain, which prevents the two acrylic groups at the chain
ends from moving freely [33]. Because of this rigidity, the
monomer becomes viscous and requires a comonomer,which
is generally triethylene glycol dimethacrylate (TEGDMA),
to adjust the viscosity. Thus, only one methacrylate group
is active while the other becomes less active and only occa-
sionally cross polymerizes with adjacent molecules, which
decreases the DC. The viscosity of a Bis-GMA/TEGDMA
mixture should generally be between 1 and 2 Pa s, which
corresponds to a weight ratio between 0.5 : 0.5 and 0.7 : 0.3,
respectively [13, 34–36]. Some studies have demonstrated that
incorporating smaller quantities of the TEGDMA diluent
monomer versus Bis-GMA provides superior mechanical
properties and lowers the polymerization contraction values
[35, 36], which justifies the Bis-GMA/TEGDMA ratio used in
this study.

The total DC after 300 seconds for resin R3 (which com-
bines PPD with CQ as photoinitiators) yielded intermediary
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values relative to the other resins. The highest conversion
values were exhibited by R1 photoactivated by either the
LED or the halogen lamp, whereas the lowest values were
found for R2 photoactivated by the LED. Notably, R2 was the
only resin that exhibited a significant difference between the
light sources. These different DC for the two light sources
occurred for R2 because of the different wavelengths for this
equipment. While the LED emits wavelengths from 440 to
480 nm, the halogen lamp emits from 400 to 525 nm. The
LED device provided the worst overall performance when
photoactivating resin R2 (PPD as photoinitiator); however,
when used for resin R1 (which only contains CQ), it provided
the best overall performance, and comparable values for the
halogen lamp were obtained for R3 (CQ + PPD).

According to Neumann et al. [19], the PPD wavelength
is perfectly covered by the halogen lamp but is incompletely
activated by most LED equipment because of its narrow
emission spectrum. This trait indicates that such equipment
inadequately photoinitiates such resins, which can yield low
DC and inferior mechanical properties [16, 19, 23]. Some
authors believe this lower efficiency is caused not only
by the light absorption characteristics of the photoinitia-
tor but also by its photochemical characteristics [22, 37,
38]. Furthermore, combining the two photoinitiators (CQ
+ PPD) produces a maximum light absorption peak at
approximately 452 nm [20], which is perfect for activation
by equipment in the blue range of the electromagnetic
spectrum, as observed in this study. However, recent stud-
ies, such as that by Brandt et al. [39], found that resins
containing PPD photoinitiator obtained a lower DC when
photoactivated by halogen lamps. Brandt et al. [39] also
detected a DC similar to that of R1 photoactivated by LED
equipment, and the authors suggest that this effectiveness
occurred because of the high energy dosages (35.5 J cm−2)
provided by third-generation LED equipment such as Ultra-
lume LED5/Ultradent (1.315mWcm−2). Notably, a similar
DC is obtained using the light source distribution spectrum,
which is wider for such equipment but also matches the
light absorption capability of the photoinitiator. Additionally,
power intensity also influences the kinetics of the reaction
and final polymer properties when comparing CQ and PPD,
as demonstrated by Schneider et al. [20].

Some studies report better DC for resins containing only
PPD than for resins with CQ [5, 13, 17, 18]. According to Park
et al. [18] and Sun and Chae [17], there may be a synergic
effect to combining CQ + PPD due to a second form of
free radical generation via the abstraction of photons and
photocleavage. Furthermore, this combination could yield
a wider absorption spectrum and increase photoinitiator
system efficiency [17, 18]; however, Neumann et al. [19] did
not detect such a synergic effect. This study indicated an
intermediateDC for resins containing the two photoinitiators
CQ + PPD, as also observed by Schneider et al. [21] when the
photoinitiators were used at low concentrations with a 1 : 1
ratio (photoinitiator : amine). Furthermore, Schneider et al.
[21] and Brandt et al. [39] did not find a significant difference
between resins containing CQ + PPD and those with only
CQ. Some studies performed using the PPD photoinitiator

suggest that a tertiary amine is not required for the poly-
merization reaction because it is a type I photoinitiator that
generates free radicals via fragmentation (photocleavage);
therefore, PPD is less dependent on the coinitiator to generate
free radicals [17–19]. However, more recent studies demon-
strate that PPD performs better with a coinitiator; therefore,
there is still some doubt regarding the free radical formation
mechanisms for these photoinitiators [14, 22, 36, 37].

The rate dependence on amine (coinitiator) has also
been studied. Different quantities of amine relative to the
photoinitiator yield different results. Values from 0.1% to
3.5% in weight were studied [13, 18–39]. However, high
photoinitiator concentrations may compromise the final
resin aesthetics, especially for those with brighter colors.
Furthermore, the increase in amine concentration in the
photoinitiation system is limited because of its cytotoxic,
carcinogenic, and mutagenic characteristics [40]. Excessive
amine can delay the reaction process and contribute to the
initial yellowing of the polymer and subsequent darkening of
the resin duet to the rapid oxidation of these compounds [41].
Park et al. [18] studied different photoinitiators quantities
between 0 and 3.2% in weight and a mixture of the two
agents with a limit of 3.4% in weight and found that the
highest DC occurred by combining PPD with CQ in a 1 : 1 to
1 : 4 ratio. Notably, higher PPD concentrations increased the
DC, which did not occur with CQ, and improved with high
concentrations. Schneider et al. [21] also studied the rates for
different photoinitiators and amines for CQ and PPD using
ratios of 2 : 1, 1 : 1, 1 : 15, and 1 : 2, with 0.3% photoinitiator
weight and an amine concentration from 0.15% to 0.6% in
weight. Schneider et al. [21] determined that ratios of 1 : 15 and
1 : 2 yielded the best results, regardless of the photoinitiator.
However, according to Peutzfeldt andAsmussen [42], CQand
amine concentrations of 0.1% to 0.2% are themost acceptable,
and this is notably caused by not only the photoinitiator
quantity but also by the type of amine.

Some studies [17–19, 43] indicate PPD may cause less
yellowing of the resin (in relation toCQ) because PPD ismore
brightly colored than CQ, which makes incorporating it into
the resin in larger amounts easier. However, Schneider et al.
[20] proved that this decreased degree of resin yellowing only
occurred when PPD was used at low concentrations (0.33%).
Additionally, some authors believe that the polymerization
reaction with PPD is slower [14, 20, 39], which decreases
the maximum conversion rate (Rpmax) without altering the
values DC relative to CQ [5, 14, 20, 39].

This study found that the Rpmax decreased in resins
containing the PPD photoinitiator. The highest Rpmax was
found for R1 (3.13%/s ± 0.31) photoactivated by the halogen
lamp,while the lowest valuewas found for R2 (1.26%/s± 0.30)
photoactivated by the LED. However, significant differences
inDCwere found between the three resins. No synergic effect
between CQ + PPD was detected in this study in contrast
to that detected by Park et al. [18], who observed higher
conversions with this association. An explanation for this
difference could be the high photoinitiator concentrations
used by these authors (1.8% in weight with a 1 : 1 ratio) [18]. In
contrast, Neumann et al. [44, 45] observed lower conversions
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for the PPD and CQ photoinitiators, which suggests a pos-
sible reaction between PPD and the resinous matrix, which
altered the absorption values and could have been caused by
an altered conformation in the carbonyl groups. Therefore,
the first hypothesis for this study is incorrect because the resin
with both photoinitiators (CQ + PPD) yielded a lower DC
than the resin containing only CQ. In contrast, the second
hypothesis for this study is correct because the resin exhibited
a better maximum polymerization rate (Rpmax), that is, a
lower (Rpmax). According to Schneider et al. [22] the reaction
slows because of the reduced maximum polymerization rate
(Rpmax) promoted by the PPD photoinitiator, which reduces
themaximum stress rate and, consequently, decreases the for-
mation of gaps that cause microinfiltration of the restoration
and postoperatory sensitivity [1].

Themaximum conversion rate (𝑡max) occurred sooner for
the resin containing only the CQ initiator (R1). In contrast,
adding PPD caused the 𝑡max to occur later. The time for the
maximum conversion rate varied from 4.20 s± 0.45 s to 9.40 s
± 0.55 s, which is similar to the results of Schneider et al.
[20]. Additionally, a slight difference in 𝑡max was foundwithin
the group itself and may be due to the manual triggering of
the photoactivator, causing slight differences in the activation
timing, which changes 𝑡max. Schneider et al. [21] believed
that resins with PPD exhibited a later 𝑡max because the PPD
system is less reactive due to its lower interactions with the
coinitiator.

Based on 𝑡max results, resin photoactivation protocols that
recommend a reduced initial exposure time may affect the
DC of the resin and, consequently, its properties. Denis et
al. [27] decreased 𝑡max by modulating the photoactivation
source: that is, the light intensity of the photoactivation
equipment starts being lower and increases over time. This
decreased light intensity is believed to better accommodate
themolecules initially, which decreases the contraction stress
in the resin because of the slower conversion [46]. In turn,
some authors believe an initial slow polymerization provides
few polymer formation centers, which yields a more linear
structure with a low reticulation degree and may increase the
wear and degradation of the resin in the buccal medium and
is still a controversial subject [47–50].

All of the resins prepared in this study yielded a similar
DC at 𝑡max, that is, at the time of the maximum conversion
rate. These values varied between 11.90% and 15.33%, indi-
cating that the photoinitiator did not influence the DC at
Rpmax. Notably, after 𝑡max, the increase of viscosity and the
reduced free volume restricted progressively the polymeric
chain mobility, which limited the reaction propagation.

4. Conclusions

This study aimed to evaluate the polymerization kinetic
parameters for Bis-GMA and TEGFMA monomers. The
effects of the photoinitiator (CQ and PPD) and different
light sources (LED, halogen lamp) on the polymerization
kinetic parameters were considered. (i) The first hypothesis
evaluated by this study was that an experimental resin using
two photoinitiators (CQ + PPD) would perform better or
equal to a resin containing only CQ based on the DC.

However, the results of this study indicate that this hypothesis
is incorrect because the resin with two photoinitiators (CQ +
PPD) exhibited a lower DC than the resin containing only
CQ. (ii) Additionally, the hypothesis that the experimental
resin with two photoinitiators (CQ + PPD) would exhibit a
reduced maximum polymerization rate (Rpmax) relative to
one containing only CQ was also investigated. In this case,
the hypothesis was correct, and using both photoinitiators
(CQ + PPD) in the same resin improved the maximum
polymerization rate (Rpmax); that is, Rpmax was smaller
than for the resin containing only CQ. (iii) Another aspect
examined in this study was the hypothesis that the LED
equipment performs similarly to the halogen lamp for the
experimental resin with both photoinitiators (CQ + PPD).
This hypothesis was also correct because the LED performed
similarly to the halogen lamp for the resin containing both
photoinitiators (CQ+PPD), which proves its effectiveness for
this use.
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